Abstract. Earthquakes occur in regions with intense seismic activities and cause life and property losses. Predicting earthquakes, identifying deformations and decreasing earthquake effects have been major subjects for scientists, engineers, and authorities. One of the theories used for identifying location changes during an earthquake is the elastic half-space model. Recently, the Global Navigation Satellite System has also been used for the same purpose.
Introduction
The North Anatolia Fault Zone (NAFZ), which borders the Anatolia/Eurasia tectonic plate originating from Karlıova and ending in the Aegean Sea with approximately 1500 km length, is defined as a right lateral strike slip fault zone (Fig. 1) .
Scientific researches reveal that NAFZ have a major impact on earthquakes in Turkey. Under the GPS ObservaCorrespondence to: F. Poyraz (fpoyraz@gmail.com) tion Network Project (MAGNET), which was funded by a number of public organizations and foundations, a network of observation stations was installed in the Marmara region to be operated permanently. After the Izmit earthquake, GPS observations were obtained at about 50 point locations across the region. To determine the seismic risk in the region, various studies were carried out using GPS observations Feigl et al., 2002; Reilinger et al., 2000; Ergintav et al., 2002) . Reilinger et al. (2000) calculated the post-earthquake linear position change ratios with 75 days point coordinates and their covariance by using the weighted least square adjustment method. Ergintav et al. (2002) determined post-earthquake deformation ratios as a function of time using GPS observations obtained from the available stations for 298 days.
Using the retrieved information, the position changes during and after earthquake, and the distribution of changes along the fault were determined. It was observed that the changes caused by the Izmit earthquake had a maximum effect on the Gölcük province and the western and eastern parts of Sapanca. The slip values were found as 5.7 m and 4.7 m at the west and east of the earthquake center, respectively (Reilinger et al., 2000; Ergintav et al., 2002) . points were selected from the measurement values which are suitable for crustal deformation work. When choosing the points, long time GPS observations (for example; 4-10 h) in both epoch conditions were taken into consideration. In the evaluation of GPS data the selected global stations were utilized. These stations are near to the region and their velocity rates are low. (BAHR, GRAZ, KIT3, MATE, NICO, BUCU, SOFI, TUBI and ANKR). Some of these points were not shown in Fig. 1 due to the scale problem. In the study, the long time observations by the General Directorate of Land Registry and Cadastre of Turkey (TKGM) within the study region and contours were utilized. The data cover 1998 pre-earthquake and 2000 post-earthquake observations. Using GAMIT GPS processing software, the data were processed as 2 epochs: year 1998 days 240-254 and year 2002 days 140-207. The ITRF 2000 coordinate system was used in the study. The point numbers were labeled with 4 digit numbers as required by the IGS station standards. The strategy in GAMIT GPS processing software was adapted from Herring (1997) , and King and Bock (1997) with consideration of the most appropriate model to the type of data. Table 1 shows the values of point displacements (dx GPS , dy GPS , and dz GPS ) between pre-earthquake and post-earthquake times obtained from the process of GPS observations. The vector forms of the point displacements are displayed in Fig. 2 .
Theoretical approach (elastic half-space model)
A number of studies were performed till today about applying the elastic dislocation theory to earth's crust (Aki and Richards, 1980; Cohen, 1999; Okada, 1985; Press, 1965; Stekeete, 1958) . For simplifying the problem, earth's crust is assumed as half-space instead of whole-space both in analytic and in numeric methods. Half-space can be considered as a block that normal stress and traction is zero in one of the whole-space surfaces. Assuming the earth's surface as a half-space that normal stress and traction is zero, is decreased the calculation problem 3 times. Although whole-space is almost never used in geology, earth mechanics and modeling the deep structures are the samples of the application areas of the approach.
We follow Okada's notation, as listed in Table 2 . The dislocation formulation is given in closed analytic form by Okada (1985) . Accordingly, the displacement field u i (x 1 , x 2 , x 3 ) due to a dislocation u j (ξ 1 , ξ 2 , ξ 3 ) across a surface in an isotropic medium is given by:
where δ j k Kronecker delta, λ and µ are Lamé's coeffients, v k is the direction cosine of the normal to surface element d , and the summation convention applies. The term u j i is the ith component of the displacement at (x 1 , x 2 , x 3 ) due to the j th direction point force of magnitude F at (ξ 1 , ξ 2 , ξ 3 ).
For obtaining the displacement area which is caused by quadrangle area, from the displacement area which was caused by point source, analytical equations derived from Eq. (1) must be solved by integration depending on length (L) and width (W ) of the fault plane (Press, 1965) .
Integral (
Here, x and p represent the coordinates of the fault plane and dξ and dη stand for the displacement functions of the point source according the elastic half-space model depending on coordinates on the fault plane.
Analytical equations which were derived from Eq. (1) for fault plane are given Eqs. (3)-(13). It is possible to express the plane displacements (u x , u y , u z ) caused by the components of the slip vector (U 1 , U 2 ) by calculating the integral of Eq. (2). Thus, the derived lateral and vertical pulse equation is given below (Okada, 1985) . The reader is referred to Okada (1985) for the complete set of equations, including a discussion of previous derivations. Lateral Pulse
Vertical Pulse
Equations between Eq. (9)-(13) are the auxiliary formulas which were used for calculating the strike-slip ans dip-slip. 
Using the elastic half-space model, displacement vectors during the earthquake can be obtained very close to the actual displacements (Okada, 1985) . If the fault plane geometry, which causes differences in geodetic point coordinates and displacements are known, surface displacements can be calculated using the elastic half-space model. The forward and inverse models can be employed to calculate the fault parameters. The elastic model parameters are used to determine the co-seismic displacements at any point caused by the earthquake (i.e., forward modeling). The estimated parameters are optimized by comparing with the measured values using a trial and error procedure. The Izmit and Düzce earthquakes were studied by national and international organizations such as MAGNET, a joint project by the General Command of Mapping-Turkey and the German Federal Agency for Cartography and Geodesy (IFAG) to determine the characteristics of the fault formed by the earthquakes. Using the measurements, displacements occurred on the earth surface were calculated determined partly.
In this study, the NAFZ data obtained during the previous earthquakes were also utilized for building-up the fault parameters. Using the old and new values, inverse modeling was applied and different solutions about the type of the fault were reached Reilinger et al., 2000) . It was observed that displacements obtained from the forward modeling, which was developed with the fault plane geometry solutions, are different from each other. The study results indicate that the fault geometry solutions given by Reilinger et al. (2000) better represent the displacements determined by GPS observations. In the elastic half-space model application, a fault with 3 parts named as Izmit (#1), Izmit (#2) and Düzce was selected (Table 3 ). The co-seismic displacements were determined utilizing the fault parameters at these locations obtained from the GPS and InSAR database of the Turkish General Commandership of Mapping (Ayhan et al., 2001, and Reilinger et al., 2000) . In this study, 3 pieced fault was used with elastic half-space model. These parts were named as Izmit (#1), Izmit (#2) and Düzce fault parts in this section (Fig. 3) . Co-seismic displacements were calculated by using the fault parameters in these 3 parts. These fault parameters were gathered from The dislocation may be either a point source or a rectangular fault patch of finite dimension L by W km. In either case, the slip on the fault plane is a vector with three components, U 1 , U 2 , U 3 in mm (Fig. 4) .
The origin of the fault patch lies at its lower left-hand corner when viewed from the hanging wall. The coordinates of the origin are E, N, and d, taken positive East, North, and down. To transform the (x, y) coordinate system given by Okada (1985) we rotate by the strike (azimuth) of the fault, in degrees clockwise from North. To avoid ambiguity, an observer facing along the strike should see the fault dip at d degrees to his right. This set of 10 parameters comprises one line of the input "faults" file described below.
λ and ϕ are the longitude and latitude of the first point respectively, α is the strike angle, D is the depth of fault plane, δ is the dip angle, L is the length of the fault plane, W is the width of fault plane, SS (U 1 ) is the strike slip, DS (U 1 ) is the dip slip in Table 3 .
Fault parameters were recalculated with "trial and error", and thus the ideal parameter values were obtained. The displacement values retrieved from fault parameters were compared against the displacements calculated from GPS observations in order to obtain the ideal parameter values. When calculating these parameters, as a second criterion, fault pa- (14) is investigated, it can be seen that area of the fault plane is calculated by multiplying the slip distance and shear module. Area of the fault plane is simply the multiplication of the fault length L by the fault width W . Slip distance is the square root of the sum of U 1 (Strike Slip) and U 2 (Dip Slip) squares. Typical values for µ in the Earth's crust range from 30-36 GPa. Since the shear modulus µ generally varies with area properties, it is taken 30 GPa as calculated by Bürgmann et al. (2002) , Aktug (2003) and Ç akır (2003) for this particular area.
The seismic moment and its magnitude are calculated using the formulas by Kanomari (1977) given below: Seismic moment;
Seismic Moment Magnitude;
Earthquake intensity can be estimated by calculating the seismic moment which is chosen as input for deformation analysis and estimation of the intensity distributions. Fault parameters are used to calculate the seismic moment value. Fault parameters were calculated by using trial and error to obtain the best fitting parameters. The seismic moment can be calculated more accurately if the fault parameters ( Table 4 . The displacements of 8 points used in this study were determined using Dislocater software program (Aktug, 2003) . The program calculates a single component of the displacement field resulting from a finite or point-source dislocation buried in an elastic half space. The input parameters are fault position, depth, length, width, strike, dip, and three components of slip. The outputs are displacement components in the form of an ASCII list or a rectangular array of binary integers. The program also provides partial derivatives of the displacement component with respect to all 10 input parameters. Point movement values retrieved using the elastic half-space model is given in Table 3 . Table 5 shows the point movements which were obtained using the fault parameters in Table 3 as input values. Table 5 and Fig. 1 display that the differences between the measured and predicted values are relatively large near the fault zone but they get relatively small away from the fault zone. This is due mainly to the fact that the fault in the earthquake region is actually not a line but a zone. This is a deformation zone and, therefore, different effects such as liquefaction, local subsidence and heterogeneous crust geology should be taken into account when using elastic models for surface displacements near a fault zone (Aktug, 2003) . Since the GPS measurements were performed 3 years after the Marmara earthquake of 1999, during this period additional post-seismic and inter-seismic deformations (up to 2.5 cm per year), which elastic half-space models are not able to capture, should be considered when evaluating these differences. In this study, the Kalman filtering and Kriging method instead of the elastic half-space models were applied to predict deformations caused by post-seismic and other activities.
Integration of theoretical and the empirical approach by KALMAN-Filtering
The Kalman filtering method, which is used in different areas of engineering science (Cannon et al., 1986; Schwarz et al., 1989; Donellan et al., 1993; Lu and Lachapelle, 1994) , is one of the methods used in deformation analysis Pelzer (1986 Deformations occur due to differences in forces and generally can change depending on time. Mathematical models developed to determine the deformations are simplified physical facts and they usually depend on forces or time (Kuhlmann and Pelzer, 1997) . Deformations are analyzed by kinematic, static or dynamic models depending whether a deformation is defined by time and velocity (kinematic), force (static), or time and force (dynamic). If there is no movement on points, quasi-static models are used for this puprpose (Welsch and Heunecke, 1999) .
System and measurement equations are combined in a well-known algorithm for estimating an optimal state vector x, containing parameters to describe deformation behavior (Welsch et al., 2000) . Due to recursive algorithm -working from epoch k to k+1 -the Kalman filter is applicable in real time. The mathematical model of a linear system in discontinuous time is given below (Kalman, 1960; Gelb, 1974; Salzmann, 1993) :
x(k): State vector T(k): Transition matrix u(k): Control input, regulating variable B(k):
Input coupling matrix w(k): System noise C(k): System noise coupling Also, state vector x is related linearly to measurements l with design matrix A. ε is the measurement noise:
System Eq. (16) is derived from the dynamic system. Therefore, it corresponds to the dynamic model. It does not exist in the kinematic model B(k)u(k), because no reasons for deformation are considered in the model. It is also missing in the static model T(k)x(k), because the object immediately responds to changes of input. There is no memory. In the identity model there are no causes for deformations, and transition matrix simplifies to identity matrix I (Pelzer, 1988; Kuhlmann, 2003) . In this study, a static deformation model was used. In the model, object movements are expressed with only forces affected by the object. Since the time component is not considered the transition matrix is T=I (Pelzer, 1988) .
The equations used in the Kalman filtering during prediction (Eqs. 18-19) and filtering phases (Eqs. 20-23) are as follows 
Before starting the deformation analysis, all possible errors have to be determined. In the Kalman Filtering the most important equation is the one to retrieve the innovation vector (Eq. 24) (Salzmann, 1990 )
In the Kalman filtering technique, with the help of global test, it is determined whether the state vector predicted for t k time is correct or not. Measurement and system equations should be compatible both mathematically and statistically. If the predicted state vector and measurements are compatible, the zero hypotheses are constructed to identify whether this innovation is significant. If the constructed H 0 is invalid, an investigation should be done about the discrepancy between predicted state vector and measurements. The reason of the discrepancy can be the predicted state vector and/or the measurements. Outlier detection process is first applied. If no outlier is detected an error is searched in the system equation and localization process for model errors is applied. In this study, system equation was formed by the elastic half-space model and the observation equation was formed by the geodetic GPS measurements. Thus, theoretical and empirical approach integration was applied with the Kalman filtering technique (Fig. 5) .
The cause of the deformation u k has an effect on object points. The effect on object points which describes the object geometry is expressed with B k,k−1 u k−1 terms of the system equation. In Eq. (18), the input value in B k,k−1 u k−1 which is to be modeled will be retrieved from co-seismic point movements retrieved from elastic half-space model. For this purpose, the following equation is employed
As the system discrepancy can not be predicted it is assumed that E{w}=0. In Eq. (25), the transition matrix (T=I) is a Table 5 . After adding the values retrieved from the elastic half space modelx 0 (the state vector for year 1998 -before the earthquake), the current state vectorx 1 was retrieved. Equation (19) is used for determining the stochastic part of the system equation. in this equation Qxx ,k−1 was derived from standard deviations of the pre-earthquake GPS results which were formed by free network adjustment. Q ww,k−1 is defined as failure matrix which contains the unmodeled errors. B k,k−1 Q uu,k−1 B T k,k−1 is the variance-covariance matrix of displacements which were derived with elastic halfspace model. This term is calculated from Eq. (26) by variance propagation theory. For calculating the variance matrix ( uu,k−1 ), which defines the earthquake intensity, standard deviations of the seismic moment amplitude were used. By dividing the displacement values, which were derived from elastic half-space model, to seismic moment values F matrix was obtained. Thus, the effect of the earthquake intensity on the point displacements was calculated with variance propagation theory.
Variance matrix has been calculated using Eq. (26) which also affects the system. The summation of pre-earthquake variance matrix of points, system disorder variance matrix and values retrieved from Eq. (26) is equal to predicted status vector variance matrix in Eq. (19). The variance matrix of system equalization is retrieved in this way.
Observation equality of the filter process was built with the GPS measurements performed in the study area. Equation (20) was retrieved using reform vector variance matrix, post-earthquake GPS values variance matrix and predicted status variance matrix. Position changes retrieved from integration of theoretical and the empirical approach by Kalman filtering are given in Table 6 .
The filtered values obtained from the half space model seemed to be very close the actual values. Especially, the movements at the Tubi point are so close to the movements retrieved from GPS measurements. The values obtained from the elastic half-space model, the Kalman filtering and GPS processing are shown in Fig. 6 . In Sect. 3, it was shown that co-seismic effects due to point displacement can be modeled by elastic half-space models. The evaluation of GPS data showed (see Fig. 6 ) that postseismic and other tectonic effects can exist in addition to coseismic effects. The Kalman filtering can roughly detect such effects using innovation vector d. As shown in Eq. (24) matrix Ax k is computed by multiplying prediction state vector with design matrix A. These values are subtracted from observed l k values to determine post-earthquake effects. During global test and localization process post-seismic effects are determined at points with relatively large effects, especially near the fault zone. The differences between GPS data and the elastic half-space model outputs were decreased by the Kalman filtering technique as shown in Fig. 6 .
Applying the Kalman filtering to TUBI values (0068 in x, 0087 in y, 006 in y directions) predicted by the elastic half-space model decreased errors producing closer values to post-earthquake coordinate data. Assuming that the prediction equation is correct the results were obtained by increasing variances in the system noise matrix of points near the fault zone during the localization. This was actually accomplished by the use of GPS data during the filtering process. 
Determining the displacement with measurement and estimation values
In this section, some possible effects along with co-seismic and post-seismic effects are removed by gridding the differences between measurement and model prediction values. For this purpose, the pre-earthquake and post-earthquake positions, and retrieved displacement values d GPS in the previous section are utilized to determine displacements at any desired point via interpolation of co-seismic and post-seismic displacements.
First, using Izmit and Duzce earthquake fault plane parameters given by Ayhan et al. (2001) and Reilinger et al. (2000) and using the Dislocator software, co-seismic movements were calculated via the elastic half-space model proposed by Okada (1985) and d theoric at measurement points was computed. During this, fault plane models, two for Izmit and one piece for Düzce, were used as given in Ayhan et al. (2001) and Reilinger et al. (2000) . The relevant fault geometry and dislocation values taken from these studies are shown in Table 3.
In this section, post-earthquake effects which can not be determined with EHSM were calculated with Eq. (27). The differences between the measured and theoretical displacements at the points (co-seismic + post-seismic) were Table 7 .
The Kriging gridding technique was applied using the calculated differences. With this technique a continuous plane is achieved between the measurement points using the trend in measurements. Considering the characteristics of points, some parameters can be changed (variogram model and an-isotropy) to increase the plane accuracy in this method (Cressie, 1990) . This method identifies the grid edges considering structure of the data. The main difference of the Kriging method from others is the variogram model. The main point of variogram model is that two close points have more common characteristics than two far points. By this method, residuals were removed by placing the points to the grid corners. The difference values (dx diff ,dy diff ,dz diff ) in Table 7 were employed in the Kriging method and the results are shown (dx diff ,dy diff ,dz diff ) in Table 8 .
As shown in Eq. (28), movement values retrieved from the elastic-half space model (d theoretical ) were added to the Kriging model results (d diff ). And the d difference values are shown in Table 9 . Horizontal and vertical movements given in Table 9 are retrieved as the total of the displacements calculated with the elastic half-space model and prediction result of the measurement-model differences.
The calculated values using this model produced more accurate results than the elastic half-space model. This is due to the use of a second approach to predict the unmodeled point movements close to the fault with the elastic half-space model. This approach reduced errors. In the elastic halfspace model, co-seismic deformations during earthquakes can be estimated. Additional movements occur at points as a result of post-seismic deformations after earthquakes.
With the created grid web in the study area, a known value of a coordinate before earthquake can be interpolated to find the coordinate of the same value after the earthquake. These coordinates during earthquake effect can be calculated using elastic half-space model (theoretical model) and post-seismic effects after earthquake can be calculated with griding theoretical model and GPS result differences. The closest results of real movement values can be obtained with addition of both method values. Total movement values can be added with pre-earthquake coordinates to find the post-earthquake coordinates sensitively.
Application of Kalman Filtering which was adopted with calibrated theoretical model
The retrieved point movements using method described in Sect. 4 were used in the prediction stage of the Kalman filter as a second filtering to calculate the post-earthquake point coordinates. The difference between this method and the method described above is that there is a change in the predicted state vector. The post-earthquake coordinates were predicted by adding the gridding result and the results obtained from the elastic half-space model to pre-earthquake point coordinates substituting Eq. (28) 
Post-earthquake coordinates are predicted by Eq. (29). Following the prediction stage, the filtering was applied with Gauss Markov model using the post-earthquake GPS data. Table 10 shows the displacements of points after the Kalman filtering.
As shown in Fig. 7 , the model predicted coordinates are close the post-earthquake GPS measurements. The main reason for poor estimates of the elastic half-space model at Izmit and Düzce points is the continuing tectonic activities after the 1999 earthquake. The study results indicate that GPS and IN-SAR measurements right after earthquake are insufficient for parameter estimation of the elastic half-space model, and this can be improved by repeating measurements and using back modeling. Such measurements will apparently be costly and, therefore, prediction models can be used instead as proposed in this study.
Conclusions
In this work, deformation values were identified theoretically and experimentally for the earthquake occurred in the Marmara region of Turkey on 17 August 1999. Values retrieved from the theoretical model (elastic half-space model) and the experimental model (GPS measurements) were filtered with the Kalman filtering technique.
Values retrieved from the theoretical model (elastic halfspace model) and the experimental model (GPS measurements) indicate that position change differences get large in the area close to the fault zone. The reason for this is that the fault line is actually is not a line but a region and the elastic half-space model includes co-seismic position changes during the earthquake but not the post-seismic position changes after an earthquake. On the other hand, GPS measurements include co-seismic and post-seismic changes from 1998 to 2002.
To enhance the theoretical model thus increase the output quality of Kalman Filter, differences between theoric and experimental models has been modelled using Kriging model. As seen on Fig. 7 , deformations occurred at the region after the earthquake has been calibred using Kriging gridding thus the Kalman Filter technique provided the best estimation values.
In applications where position changes, which is a result of earthquakes, are going to identified, if the measurements can be done within the smallest period after the earthquake (Without the post-seismic effects) usage of Kalman Filter would fit better. If the after earthquake measurements do include post-seismic effects, it's suggested to model this with theoretical model and calibre before doing the filter process.
